In 2011 the DeepCwind Consortium, led by the University of Maine (UMaine), performed an extensive series of floating wind turbine model tests at the Maritime Research Institute Netherlands (MARIN) offshore basin. These tests, which were conducted at 1/50 th scale, investigated the response of three floating wind turbine concepts subjected to simultaneous wind and wave environments. The wind turbine blades utilized for the tests were geometrically-similar models of those found on the National Renewable Energy Laboratory (NREL) 5 MW reference wind turbine and performed poorly in the Froudescaled, low-Reynolds number wind environment. As such, the primary aerodynamic load produced by the wind turbine, thrust, was drastically lower than expected for a given Froude-scaled wind speed. In order to obtain appropriate mean thrust forces for conducting the global performance testing of the floating wind turbines, the winds speeds were substantially raised beyond the target Froude-scale values. While this correction yielded the desired mean thrust load, the sensitivities of the thrust force due to changes in the turbine inflow wind speed, whether due to wind gusts or platform motion, were not necessarily representative of the full-scale system.
INTRODUCTION
In recent years, significant effort has been put forth researching, designing and testing floating wind turbine concepts in hopes of building an industry that can harness the strong, persistent winds off many of the world's coasts [1] [2] [3] [4] [5] . An important part of this effort has been the development of coupled-aero-hydro-elastic floating wind turbine simulation tools [6, 7] and their subsequent validation with wind/wave basin model test data [8, 9] . Model testing of floating wind turbines in a wind/wave basin provides an opportunity to create valuable data in a controlled environment with minimal time, cost and risk. However, while many floating wind turbine model tests have been performed [4, 5, [10] [11] [12] , it has proven difficult to properly model the aerodynamic loading of the wind turbine in the low-Reynolds number, Froude-scaled environment of a model wind/wave basin [13] . Even in the comprehensive 2011 DeepCwind model tests led by the University of Maine (UMaine) and performed at the Maritime Research Institute Netherlands (MARIN) of tension-leg platform, spar-buoy and semi-submersible floating wind turbines, poor wind turbine performance from the geometrically-similar blade design required increased wind speeds to create the correct mean thrust values [14] . This data has been used extensively for numerical model validation and it is important to understand the extent to which these test shortcomings distort the test data from the true full-scale response.
With this in mind, recent developments in creating a performance-matched wind turbine for wind/wave basin model testing of floating wind turbines to properly emulate the fullscale response [13, 15] have been used to retest the DeepCwind semi-submersible floating wind turbine system to determine the quality of the 2011 DeepCwind model test data. The additional tests were also performed at MARIN under very similar wave environments and with wind conditions that produced the same mean aerodynamic thrust. The data collected not only facilitate an assessment of the DeepCwind data recorded in 2011, but also demonstrate the advantages of using a performancematched wind turbine for conducting realistic floating wind turbine model tests in a wind/wave basin.
The remainder of the paper is organized as follows: In the second section, a description of the 2011 and 2013 DeepCwind semi-submersible floating wind turbine models is presented. The third section compares the system identification tests results for the two systems. In the following section, a comparison of the 2011 and 2013 system performance is given to assess the quality of the 2011 data set. The fifth section presents data from the 2013 tests that illustrate the unique advantages of using a performance-matched wind turbine in floating wind turbine model basin tests. The paper finishes with a brief set of conclusions.
MODEL DESCRIPTIONS
In this section, a brief description of the DeepCwind semisubmersible as tested in the 2011 and 2013 campaigns is given. Images of both systems are shown in Figure 1 . While the intent was to duplicate the 2011 main particulars for the floating wind turbine system with the exception of wind turbine performance in the 2013 test, differences in the mass properties of the improved wind turbine employed for the most recent campaign yielded slightly different system properties.
While the differences do not prevent a meaningful comparison, the minor dissimilarities are detailed here to help interpret the results presented in subsequent sections of this paper. To begin, the coordinate system, degrees-of-freedom (DOF) and environment orientations used in this work are displayed in Figure 2 . The platform dimensions for the system, which are identical for the 2011 and 2013 campaigns, are given in Figure 3 . Other gross quantities of interest for the two systems are shown in Table 1 . It should be noted that all quantities given in this paper are full-scale unless otherwise noted. As seen in Table 1 , many of the main particulars are essentially the same for the two systems including the primary dimensions and overall mass. One important difference is that the MARIN stock wind turbine employed for the 2013 tests was larger in mass than the 2011 DeepCwind wind turbine. This required reductions to the mass of the platform to maintain the correct draft of 20.0 m. The end result of the system mass changes was that the 2013 DeepCwind semi-submersible possessed a center of gravity over 1.8 m higher than the 2011 iteration along with larger radii of gyration in roll and pitch. As will be shown in the next section, these changes yielded less hydrostatic restoring in roll and pitch along with larger inertia in these DOF producing longer natural roll and pitch periods. 
SYSTEM IDENTIFICATION COMPARISON
With the main particulars of the 2011 and 2013 DeepCwind semi-submersible floating wind turbines covered, a comparison of the system identification test results for the two systems is now presented. Results pertaining to the basic behavior of the wind turbine performance, rigid-body natural periods, platform hydrodynamic damping and mooring restoring force are discussed.
The first comparison is for the basic wind turbine performance metrics.
These include the non-dimensional power coefficient C p given in Figure 4 , and the nondimensional thrust coefficient C t shown in Figure 5 . Both are plotted as a function of the rotor's tip-speed ratio TSR and both figures include the full-scale target performance for the National Renewable Energy Laboratory (NREL) 5 MW reference wind turbine [16] . It is observed in both figures that the DeepCwind turbine used in the 2011 model tests, which was a geometrically-similar model of the NREL 5 MW reference wind turbine, performed poorly with regard to matching the power and thrust of the desired full-scale machine. It should be noted that the DeepCwind turbine results provided are for a blade pitch angle of θ = 6.4° and obtained with a steady wind speed of 21.8 m/s. The cause of the low power and thrust output, which is largely attributable to the poor performance of the full-scale blade geometry at low Reynolds numbers resulting in laminar stall, is detailed in [13] . The low performance of the 2011 turbine, which necessitated the use of wind speeds higher than the desired Froude-scale values to create the appropriate mean aerodynamic wind turbine loads, was the primary impetus for retesting the DeepCwind semi-submersible with an improved wind turbine. The improved wind turbine used for the 2013 test campaign was the MARIN stock wind turbine. The C p and C t curves for this turbine shown in the figures is for a blade pitch angle of θ = 1.0° and a steady wind speed of 13.0 m/s. The MARIN stock wind turbine uses the design methods outlined in [13, 15] along with detailed analyses using MARIN's in-house computational fluid dynamics software ReFRESCO to yield a turbine which more closely emulates the target performance than the 2011 DeepCwind wind turbine. Most importantly, the MARIN stock turbine C t behavior shown in Figure 5 is similar to the NREL 5 MW reference wind turbine target allowing the use of wind speeds near the desired Froude-scale values to create the correct mean thrust force for the wind turbine, this being the dominant aerodynamic force impacting global performance. This improved C t response also preserves the sensitivity of thrust to changes in wind speed or blade pitch angle, unlike the 2011 turbine. In addition, the improved C p of the MARIN stock turbine permits the generation of a modest amount of power which is suitable for feedback in active blade pitch control algorithms. The next quantities investigated are the rigid-body natural periods and fundamental tower bending frequencies, shown in Table 2 . The surge, sway and yaw natural periods are very similar for both the 2011 and 2013 campaigns indicating that the mooring system restoring behavior is essentially the same. Also, the heave natural period remains unchanged for 2013. However, the aforementioned higher center of gravity and larger inertias of the 2013 DeepCwind semi-submersible lead to roll and pitch periods that are almost 6 seconds longer than found in 2011. In addition, the heavier MARIN stock wind turbine also gave rise to reduced fundamental tower bending frequencies when placed atop the same tower. These differences must be kept in mind when comparing the performance of the two systems in future sections. To continue the system identification data comparison, the rigid-body motion damping ratios as a function of initial cycle amplitude as measured from free-decay tests are displayed in Figure 6 . The results given are for surge (at the system center of gravity), heave and pitch DOF.
Unsurprisingly, the hydrodynamic damping behavior of the system is essentially unchanged between the 2011 and 2013 iterations of the DeepCwind semi-submersible floating wind turbine. To complete the review of the system identification data for the 2011 and 2013 tests, a plot of the mooring restoring force in the surge direction is given in Figure 7 . As is clear from the figure, the restoring force provided by the mooring system is very similar between the two campaigns. 
GLOBAL PERFORMANCE COMPARISON
With the basic properties of the 2011 and 2013 systems established, this section attempts to address the fundamental question of this work: did the poor wind turbine performance and corrective measures used in the 2011 DeepCwind model testing campaign compromise the value of the recorded test data? To do this, sample results for several field variables of interest are compared between the 2011 and 2013 test campaigns when the DeepCwind semi-submersible is subjected to the same wave environment and steady winds that produce the same mean thrust. While the mean aerodynamic thrust is the same between the two tests, the markedly different wind speeds and turbine performance could potentially yield very different sensitivities of the thrust with respect to changes in the relative wind speed resulting from platform motion, hence changing the global performance of the floating wind turbine system. The comparisons provided in this section will help evaluate the extent to which the 2011 campaign was able to replicate the correct global performance behavior of a floating wind turbine system as the 2013 data should closely emulate the true full-scale response.
Prior to investigating the relative performance of the two systems, specifics of the environments and operating conditions for the two tests are given first. Table 3 provides the steady wind speed at the hub height U m , the significant wave height H s , peak spectral period T p as well as other environmental statistics and wind turbine operational parameters. It is worth noting that despite the large reduction in wind speed used for the 2013 campaign, the mean thrust is essentially the same. In addition, the MARIN stock wind turbine produces more power than the 2011 version of the system even though the wind speed is reduced by 8.8 m/s. For both tests, the rotor speed is fixed at a constant 12.1 rpm. Regarding the H s = 7.1 m target JONSWAP wave environment, the statistics and spectrum (displayed in Figure 8 ) are very similar albeit not identical. All in all, the conditions used provided the fairest comparison between the two systems as was reasonably achievable in the wind/wave basin. The first results for the comparison provided are power spectral density plots for the system surge (reported at the systems' center of gravity) and pitch rigid-body motions in Figure 9 and Figure 10 , respectively. For these and all subsequent plots in this section, the results are given for the 2011 and 2013 systems with and without an aerodynamically loaded, operating wind turbine. In the case where the wind turbine is not operating, the wind speed is set to 0.0 m/s, the rotor is parked (i.e. rotor speed is zero) and the blades are feathered to θ = 90° to reduce drag due to relative motion of the rotor. For surge, the 2011 and 2013 responses are essentially the same for the no wind case and are also very similar for the operating wind turbine condition. For both systems, a similar reduction in the surge response near the 0.0093 Hz surge natural frequency due to the aerodynamic damping of the operating wind turbine is observed. For platform pitch, the response in the wave energy frequency range (0.05 to 0.2 Hz) is very similar for all four cases; however the resonant platform pitch response does occur at different frequencies for the 2011 (0.037 Hz) and 2013 (0.031 Hz) DeepCwind semi-submersible floating wind turbine systems as a result of the change in the 2013 system platform natural pitch period. More importantly, though, is that for both the 2011 and 2013 tests, the presence of the operating wind turbine produces a comparable reduction in the pitch response at the platform natural pitch frequency. In addition, the nacelle fore-aft acceleration response increases slightly in the wave energy frequency range (0.05 to 0.2 Hz) when the turbine is operating for both the 2011 and 2013 campaigns. DeepCwind semi-submersibles.
The last power spectral density plot provided is for the bow, or upwind, fairlead tension response shown in Figure 12 . For both the 2011 and 2013 tests, the response in the absence of aerodynamic loads is very similar. Also, the bow fairlead tension responses increases significantly for both systems in the wave energy frequency range when the wind turbine is under load. This stated, the increase is slightly more pronounced for the 2011 version of the system as compared to the 2013 system. This may result from the slightly reduced mean thrust of the 2013 test, this reduced thrust being consistent with the slightly diminished surge response of the 2013 system found in Figure  9 . As the mooring line restoring stiffness is highly nonlinear, a slight reduction in the mean surge displacement due to a reduced mean thrust would diminish the load excursions for a given change in surge displacement about the mean. Nonetheless, the trends are very similar for both systems indicating that the influence of the operating wind turbine is not that different between the two campaigns.
To complete the comparison, statistics for the no wind and operating wind turbine cases are provided in Table 4 and Table  5 , respectively. Unsurprisingly, the mean, standard deviation, maximum, minimum and range for the surge, platform pitch, nacelle fore-aft acceleration and bow fairlead tension are essentially the same for the 2011 and 2013 systems. The one exception is a slight change in the mean surge value between the two systems. With an operating wind turbine, there are a few subtle differences worth mentioning. The first is that the minimum surge value and surge range are both slightly larger in magnitude for the 2011 system as compared to the 2013 system. Another is that the mean pitch angle for the 2013 system is about 0.8 degrees larger in magnitude than for the 2011 system; however, this is attributable to the reduction in pitch stability due to the higher center of gravity of the 2013 system and is not due to changes in wind turbine loading. The last is the reductions in the standard deviation, maximum and range for the 2013 DeepCwind semi-submersible bow fairlead tension. The most significant of these is the 12.8% reduction in the tension range. This stated, the aforementioned changes are not drastic and the remainder of the statistics presented are very similar for the 2011 and 2013 operating wind turbine cases. This provides some evidence that the data produced by the 2011 campaign for the semi-submersible floating wind turbine system, and likely the simultaneously tested tension-leg platform and spar-buoy systems, properly captures the coupled aero-hydro-elastic global response behaviors of the investigated floating wind turbine configurations. 
PERFORMANCE-MATCHED TURBINE ADVANTAGES
While the data presented in the previous section indicated that the increased wind speeds and poorly performing turbine used in the 2011 campaign still yielded valuable floating wind turbine global performance data, the use of a performancematched turbine as was done in the 2013 program permits the execution of many important tests that are not possible with the 2011 geometrically-similar wind turbine arrangement. The first example of this includes properly testing in region three of a wind turbine's power production where the mean thrust value is low but the dynamic portion of the aerodynamic loads can be quite large. A second example is properly conducting floating wind turbine experiments while using active blade pitch control, this being enabled by the reasonable power production of the performance-matched wind turbine and the very close emulation of the rotor thrust sensitivity to changes in blade pitch angle. In this section, the advantage of using a performance-matched turbine for conducting coupled wind/wave basin experiments of floating wind turbines is demonstrated through select pieces of data gathered from the 2013 DeepCwind semi-submersible test campaign.
The first result provided investigates the impact of active blade pitch control on the natural platform pitch period of a floating wind turbine. The natural periods were extracted from free-decay tests of the floating wind turbine system while simultaneously subjected to various steady wind conditions. In addition to several fixed blade pitch tests with a constant rotor speed, two active blade pitch control algorithms were investigated in the 2013 campaign. The first was a simple, robust algorithm developed by MARIN that used integral control to reduce the error on generator power with a target of 3.5 MW. The rotor speed was maintained at a constant 12.1 rpm using a separate control loop. Several integral gains were investigated by changing the integrator gain constant C i . The actual gain K i was computed as C i divided by the sensitivity of rotor power to collective blade pitch angle ∂P/∂ θ. ∂P/∂θ, which is a function of collective blade pitch angle, was derived from MARIN stock wind turbine performance data taken prior to the 2013 wind/wave basin tests. The second controller, specified by UMaine, attempted to emulate a simple but realistic proportional-integral collective blade pitch control algorithm that sought to minimize rotor speed error based on a target of 12.1 rpm. This control algorithm also used a very crude variable speed generator control with torque being proportional to the square of rotor speed below 12.1 rpm, and equal to a constant value of 2690 kN-m at or above 12.1 rpm. The proportional and integral gains were computed in accordance with the equations of [2] using a damping ratio of 0.7 and the aforementioned ∂P/∂ θ function. The controller frequency ω n was varied for the free-decay experiments. All this stated, the natural period results for each of the 2013 pitch free-decay tests are given in Table 6 . As seen in the table, an operating wind turbine with a fixed blade pitch has little impact on the platform pitch frequency regardless of the wind speed. Surprisingly, the same cannot be said when active blade pitch control is present. For the MARIN controller, the larger the value of C i , the longer the natural period. For the UMaine controller, the platform pitch period is lengthened when the value of ω n is reduced. Another quantity measured from the platform pitch freedecay tests, this being the damping ratio as a function of initial cycle amplitude for each of the control configurations, is given in Figure 13 . As seen in the figure, the platform pitch damping is smallest when there is no operating wind turbine. In addition, even though the mean thrust is significantly smaller for the U m = 21.0 m/s, θ = 17.2° fixed pitch case as compared to the U m = 13.0 m/s, θ = 1.0° fixed pitch case, the platform pitch damping is significantly larger. For each of the active blade pitch cases tested in 2013, all conducted with a mean wind speed of U m = 21.0 m/s, the damping ratio is usually not very different from the U m = 21.0 m/s, θ = 17.2° fixed pitch configuration. This is significant as active blade pitch-induced platform pitch instability is of great interest to the floating wind turbine community (e.g. see [17] ); this said, the 2013 DeepCwind semi-submersible tests did not find any such instability despite the fairly large range of control settings used in the program. To continue this section, the platform pitch response of the DeepCwind semi-submersible is investigated for the H s = 7.1 m irregular wave of Table 3 and Figure 8 along with several different wind conditions and active blade pitch control settings. Platform pitch is the focus since it is a field variable that is strongly influenced by changes in the wind turbine aerodynamic thrust force. The first result shown in Figure 14 compares the response under no wind (θ = 90°) as well as fixed blade pitch, constant rotor speed (12.1 rpm) cases for steady winds with mean U m = 13.0 m/s (θ = 1.0°) and U m = 21.0 m/s (θ = 17.2°). As discussed earlier, the operating turbine in the 13.0 m/s wind speed environment significantly reduces the platform pitch response near the platform pitch natural frequency of 0.031 Hz. As opposed to the 2011 tests, the 2013 campaign also permitted realistic tests of global performance behavior in the post-rated wind speed regime (region three) with U m = 21.0 m/s. The fixed blade pitch, constant rotor speed results for these wind speeds given in Figure 14 show that the region three wind speeds further reduce the platform pitch response at 0.031 Hz without altering the behavior in the wave energy frequency range (0.05 to 0.2 Hz).
The next result compares the frequency-domain platform pitch response for the fixed blade pitch with θ = 17.2° configuration as well as the MARIN and UMaine control algorithms each subjected to the H s = 7.1 m irregular wave and 21.0 m/s steady winds. For the comparison, given in Figure 15 , the MARIN controller utilizes C i = 80 and the UMaine controller uses ω n = 0.6 rad/s. As seen in the figure, the controllers' efforts at regulating power/rotor speed result in less damping of the platform pitch response near the platform pitch natural frequency. Also, one can visibly see that the peak response near the platform pitch natural frequency moves to a lower frequency for the active blade pitch cases. This observation is in agreement with the free-decay results of Table  6 . Also, the controllers investigated here had no impact on the platform pitch response in the wave energy frequency range. The last set of configurations investigated look at fixed blade pitch with θ = 17.2°, MARIN C i = 20, MARIN C i = 80 and UMaine ω n = 0.6 rad/s control algorithm cases subjected to a dynamic wind following an NPD spectrum with a hub-height mean wind speed of 21.0 m/s. The wave environment is the same H s = 7.1 m irregular sea. A comparison of the measured and theoretical target wind spectra for this case is given in Figure 16 . As seen in the figure, the realized spectrum in the basin is very near the desired target quantity. This aside, the response of the aforementioned four control configurations is shown in Figure 17 To complete this section, the platform pitch statistics for all of the cases considered in Figure 14 , Figure 15 and Figure 17 are provided in Table 7 mean thrust) produced global performance data that properly emulates the desired full-scale response. For a scenario using the same sea state and winds that produce the same mean thrust, both the 2011 and 2013 tests show similar trends regarding the changes in frequency-domain response for surge, platform pitch, nacelle fore-aft acceleration and bow fairlead tension when moving from the no wind condition to an operating wind turbine condition. The field variable statistics for these environments in the 2011 and 2013 DeepCwind semisubmersible floating wind turbine campaigns are also very similar, adding further evidence that the 2011 test data properly captures the global response characteristics of a floating wind turbine subjected to simultaneous wind and wave loading.
As for the second objective, the employment of a performance-matched turbine in the 2013 DeepCwind semisubmersible test campaign permitted the execution of tests not possible in 2011 that demonstrated the unique advantages of using a performance-matched wind turbine. These advantages included testing the coupled aero-hydro-elastic response of the floating wind turbine in region three as well as investigating the influence of active blade pitch control on floating wind turbine global performance. Select data from the 2013 model tests was shown to illustrate these advantages.
A first, and unique, example included free-decay test results illustrating the dependence of platform pitch natural period on active blade pitch control settings. For all settings investigated, the active blade pitch controller lengthened the platform pitch natural period. Additional examples illustrated the influence of active blade pitch control on platform pitch response when subjected to irregular seas and steady or dynamic winds. For steady wind cases, the blade pitch controllers tended to increase the pitch response of the platform relative to a similar fixed blade pitch scenario; for dynamic wind cases, the controllers had the opposite effect. The turbine employed for the 2011 test campaign would have been unable to produce these interesting findings.
